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Abstract 
The EXAm process aims at recovering americium alone. The principle of the EXAm process is based on the extraction of 
americium together with some light lanthanides having close values of distribution coefficients in high nitric acidity, while 
curium and other lanthanides remain in the aqueous phase. The TEDGA amide molecule is added in the aqueous phase to 
increase Am/Cm and Am/heavy Ln selectivity, because of the preferential complexation of curium and heavy lanthanides by 
this diglycolamide. The Am is subsequently selectively stripped from the light lanthanides. 
The full approach aiming at validating this complex process is illustrated in this paper. 
© 2012 The Authors. Published by Elsevier B.V.  
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1. Introduction 
In the framework of the 2006 Waste Management Act, an extensive R&D program on separation and 
transmutation has been launched by the CEA [1] [2]. The objective is to reduce hazards and pollution linked to 
radionuclides present in final wastes destined to storage. It concerns mainly long term radiotoxic inventory and 
decay heat in the high level waste. Several scenarios are studied for minor actinide recycling in generation IV fast 
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reactors: (i) either a homogeneous mode where MA are recycled at a low concentration in all the standard reactor 
fuel, or (ii) a heterogeneous mode in which MA are recycled at a higher concentration in specific targets, at the 
periphery of the reactor core. Through that last route, a specific option would be to recycle solely the Am since its 
contribution to the residual heat power and radiotoxicity is higher than Cm, and it is easier to manage than Cm. 
Thus, French separations studies have been directed toward americium separation from curium and fission 
products in a single process.  
The physico-chemical properties of Am, Cm and Ln(III) are very similar. They are strongly hydrated and their 
ionic radii are similar. In addition, the acidity of the medium (PUREX raffinates) is very high so there is a 
competition between nitric acid and cation extraction. Moreover the element inventory is very large. This is why 
firstly, in the frame of the 1991 French act on high activity waste, a three step strategy was conceived (DIAMEX, 
SANEX and Am/Cm separation) [3]. The feasibility was demonstrated in 2005 thanks to counter-current hot tests 
performed on a genuine PUREX raffinate in hot cells of the Atalante facility [4]. 
So in the framework of the 2006 act, the objective was to develop a single cycle process to recover the sole 
Am(III), directly from PUREX or COEXTM raffinates. The corresponding process was called EXAm (EXtraction 
of Americium). This process has been designed on the basis of the DIAMEX-SANEX process, which was 
developed for the co-recovery and separation of Americium and Curium from PUREX/COEXTM raffinate and 
improved by progress accomplished during GANEX process developments [5-6]. 
The typical approach to settle a process and validate the corresponding concept includes the following steps: 
x Extracting system selection, 
x Data distribution of cations in process conditions, depending on different operating parameters such as acidity, 
[complexant], [cations], 
x Speciation studies in aqueous and organic phases to estimate the stoechiometries and stability constants, 
x Use of these various data to settle a phenomenological model in the PAREX process code, 
x Elaboration of a flowsheet able to recover 99% of Am, with a high decontamination versus Cm (more than 
500 targeted for the decontamination factor of Am versus Cm), 
x Test of the key steps of the flowsheet in a counter-current trial with a simulated feed solution (containing 
traces of Am and Cm) representative of the real one, to assess the model, 
x Implementation of the whole flowsheet with a genuine PUREX raffinate as feed solution, to check the targeted 
performances can be reached with the flowsheet set up. 
These various steps are explained in the following paragraphs. Most of them are more precisely detailed in 
specific articles of the present journal. 
2. Extraction system selection : principle of the process 
The principle of the EXAm process is based on the use of DMDOHEMA in the organic phase. Thanks to the 
little preferential extraction for Am versus Cm (separation factor equal to 1.6), it is possible to extract 
preferentially americium together with some light lanthanides having close values of distribution coefficients in 
high nitric acidity, while curium and other lanthanides remain in the aqueous phase (applied patent [7]). The 
TetraEthylDiGlycolAmide (acronym TEDGA), represented on the figure 1 is added in the aqueous phase, as a 
hydrophilic ligand, in order to increase the selectivity Am/Cm and Am/heavy Lns, because of the preferential 
complexation of curium and heavy lanthanides by this amide: global efficiency of the process is largely 
improved, with a corresponding decrease of the number of the necessary separation stages (applied patent [8]). 
Then Am is selectively stripped from light lanthanides like in the DIAMEX-SANEX/HDEHP process [9]. 
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Fig 1. Structure of DiMéthylDiOctylHexyl MalonAmide (left) and N,N,N’,N’-tetra-ethyl-diglycolamide (right) 
3. Data distributions 
In presence of TEDGA, cation extraction is governed by TEDGA saturation. Lanthanide extraction is function 
of decreasing atomic number: lanthanum is the most extractable while gadolinium is the least as can be seen on 
the figure 2. Americium behaves like neodymium whereas curium behavior is between neodymium and 
samarium. 
Fig 2. Distribution coefficients of Ln and An(III) (organic phase DMDOHEMA 0.6M-HDEHP 0.3M-TPH -  
Aqueous phase cTEDGA 0 or 0.05M in HNO3 5M) – 25°C 
4. Speciation studies 
In order to enhance knowledge on chemical mechanism and to help phenomenological modeling, a 
comprehensive study has been carried out on the complexation of the ligand TEDGA with various lanthanides, 
americium and curium. The speciation has been determined using different spectroscopic techniques such NMR, 
ESI/MS, TRLIF. Stability constants were determined by spectrophotometry. Various species LnTEDGAn
3+ has 
been identified from La to Lu. The complexes with a low ligand to metal stoichiometry (1:1 and 1:2) were 
favoured for the lighter half of the Ln(III) series. This is consistent with the largest extraction of light lanthanides 
[10]. 
Speciation studies in the organic phase were also performed. Visible spectrophotometry and positive ESI mass 
spectrometry were used as shown on the figure 3. Mixed complexes containing the two extracting molecules 
have been observed [11]. 
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Fig 3. Mass spectrum (positive mode) of TEDGA 10-1M, Eu(NO3)3 10-1M, NaNO3 1M pH2 solution  
after dilution 1000 in CH3CN-water (50-50). 
5. Modeling
5.1. Am extraction modeling 
EXAm process modeling was focused on the two key steps: on one hand, Am extraction-Cm scrubbing where 
the separation between (Am, light Ln) and (heavy Ln,Cm) and, on the other hand, Am selective stripping. 
Speciation studies and distribution data were crucial to determine number and stoichiometry of complexes to 
be considered in the aqueous phase [10]. In addition, modeling has to take into account organic complexes 
formed between the two extractants and the 15 extractable cations [11]. The whole model at this step includes 56 
complexes and equilibrium constants. Because of this complexity, the data acquisition has been focused to a 
relative limited range of acidity: 4 to 5.5 mol / L. Thus, the validity range of this model is relatively small and 
limited to nitric acid conditions of the flowsheet, between 4 and 5.5 mol / L 
5.2. Am/Ln partitioning modeling 
The other important step of the process is the partitioning between lanthanides and americium, operated by 
selective stripping. It is carried out using a weakly acidic aqueous phase (pH> 2) containing a 
polyaminocarboxylic acid (HEDTA or DTPA) and an acid (malonic or citric) having a buffering capacity in the 
pH range of interest. The model has been built in two stages: the extraction equilibria were first identified with 
their constants, without aqueous reagent. Then the aqueous complexes have been included into the model with 
their equilibrium constant deduced from experimental studies. 1:1 complexes between the polyaminocarboxylic 
and cations have been identified [13]. Malonic acid is not involved in complexation, unlike citric acid which 
forms a mixed complex with HEDTA.  
6. Flowsheet and running procedure 
These models were implemented in PAREX code. Then flowsheet simulations have been carried out [14]. 
These studies have pointed out the main sensitive operating parameters (TEDGA concentration and feed solution 
flow). A running procedure was defined: the main feature was to start with a less efficient process in terms of Am 
recovery and then to improve it during the test in order to reach targeted performances by adjusting TEDGA flow 
rate. 
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7. Spiked test on surrogate feed solution 
This running procedure was successfully tested during a counter-current test involving mainly the innovative 
extraction-scrubbing step. It was performed in December 2009, in glove boxes of the ATALANTE facility, on a 
surrogate feed spiked with lanthanides, 241Am and 244Cm, to assess the Am/Cm and Am/heavy Lns separation 
efficiency in comparison with modeling. Satisfactory results were obtained: more than 97% of americium was 
recovered, with decontamination factor higher than 1000 (about 5000) [15]. The concentrations of the elements 
measured during the test were in good agreement with the values calculated using the PAREX code.  
8. Validation of the concept: hot test on a genuine solution 
The complete flowsheet (including all the steps of the process, figure 4), using a genuine PUREX raffinate 
was carried out in April 2010, in order to confirm these promising results. This counter-current hot test lasted 
about 60 hours. It consisted of 68 mixer-settler stages to insure americium only extraction-scrubbing-stripping. 
Good agreement between experimental and simulated performances was obtained: in the extraction-scrubbing 
step, more than 99% of americium initially in the feed solution was extracted and the decontamination factor of 
americium versus curium is more than 500 [15].  
Finally in the Am selective stripping step, the Am recovery rate is 98.3%. Indeed about 0.7% of Am was lost 
at the Mo scrubbing step which still needs to be improved. The Am flux was also enough decontaminated versus 
lanthanides; it contains about 2.2% of Nd in mass/Am mass (Table 1). 
As a conclusion, thanks to these good results, the EXAm concept feasibility is demonstrated. 
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Fig 4: Flowsheet of the counter-current test performed on a genuine  raffinate in the process hot cell CBP in 2010 
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Table 1: Composition of the main flux from samples analyzed at the end of the trial and corresponding balance and 
decontamination factor 
Element 
(mg/L)
Feed Raffinate
Mo
Stripping
Product
Ln 
Stripping
Balance 
(%)
Decontamination 
factor
Am 220 0.79 0.62 566 0.018 105
Cm 21.6 10.5 0.0002 0,11 0.0033 136 505
Ce 573 < 1 < 5 < 2.5 960 75 > 585
Nd 1650 3.7 < 5 12.5 2350 113 340
Eu 60 21 < 2.5 < 2.5 < 5 98 > 61
Gd 83 30 < 2.5 < 2.5 < 5 101 > 85
Mo 1000 < 1 420 < 5 < 5 105 > 510
Zr 890 290 < 2.5 < 5 110 101 > 458
Pd 550 < 1 190 115 < 5 95 12
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